Supplemental methionine in a complete culture medium increased the methionine content of the protein fraction of cultured soybean (Glycine max L. Merrill) cotyledons (Thompson, Madison, Muenster 1981 Phytochemistry 20: 941-945). To explain the observed increase in protein methionine, we have measured the amounts and subunit compositions of 7S and 11S storage proteins and determined the amino acid compositions of the three major protein fractions (2-5S, 7S, 11S) of seeds developed on plants and of cultured cotyledons grown in the presence or absence of supplemental L-methionine. Development of cultured cotyledons was representative of development of seeds on plants. The ratios of 11S to 7S proteins, the subunit contents, and amino acid compositions of their storage protein fractions were similar, but not identical. Supplemental methionine increased the mole percent methionine in each of the three protein fractions of cultured cotyledons and changed the amounts of several other amino acids. Supplemental methionine inhibited expression of the 7S a-subunit gene. Concomitant with the absence of the a-subunit, which contains no methionine, was an increase in the ratio of 11S to 7S proteins, and an increase in the methionine content of the subunits composing these fractions. Inhibition of 6-subunit gene expression by methionine in cultured cotyledons provides a reproducible, easily controlled system for the study of eucaryotic gene expression.
Soybean seed proteins lack sufficient quantities ofsulfur amino acids to satisfactorily meet the dietary requirements of some monogastric animals. In this respect, soybeans are typical legume seeds. Soybeans, however, accumulate about twice as much protein in their seeds as other legumes, and up to four times as much protein as grain seeds. The nutritional quality of soybean and other legume seeds could be improved by raising the sulfurcontaining amino acid content of their proteins (37) . Since the 7S and Il S storage protein fractions constitute about 70% of total seed protein, they have been the focus of efforts to raise protein methionine content. The soybean 7S fraction consists of three major subunits, the a'-, a-, and a-subunits. (29, 31) ; the lI S fraction, of two groups of subunits designated the acidic and basic subunits (5, 19) .
Attempts have been made to increase protein sulfur in the vegetative tissues and seeds of a number of intact plants by applying high concentrations of sulfur fertilizers to the soil; however, excess sulfur does not increase the sulfur to nitrogen ratio of total protein (1, 4, (8) (9) (10) 22) . There are no detectable changes in amino acid composition oftotal protein or in subunit content of the storage proteins of lupin seeds (4) .
Thompson et al. (32) devised an in vitro cotyledon culture system to study cotyledon physiology and storage protein accumulation under controlled conditions. The addition of methionine to complete culture medium increases the methionine content of total protein, growth, and aminoacylation of methionyltRNA (33) . This positive response to exogenous methionine in vitro encouraged us to study in detail the development of methionine-supplemented cotyledons to learn whether changes in total protein methionine could be attributed to an increase in the methionine content of the 7S and 11S storage protein fractions.
In this study we compared storage protein accumulation in culture to storage protein accumulation in seeds developing on plants by measuring the ratios of I1 S to 7S proteins, the storage protein subunit contents and amino acid compositions of their storage proteins. These same comparisons were then made between cotyledons cultured in basal medium and methioninesupplemented medium to determine how supplemental methionine influenced cotyledon protein synthesis. The results of this study show that cultured soybeans respond to supplemental methionine by producing proteins which are relatively richer in methionine, at the expense of proteins poorer in methionine. Expression of the ,-subunit gene was inhibited (15; G. L. Creason, L. P. Holowach, J. F. Thompson, J. T. Madison, 1983 Biochem Biophys Res Commun 117: 658-662), as the ,-subunit, which does not contain methionine, was not detected when exogenous methionine was present in the medium.
MATERIALS AND METHODS Plant Materials. Soybean plants (Glycine max L. Merrill cv Provar) were grown in a greenhouse in a sand-soil mixture (1: 1) and watered with a modified Hoagland nutrient solution (32, 33) . Seeds grown on plants in the greenhouse (in vivo material) were harvested, grouped into size classes according to their fresh weights, and stored at -20°C if not used immediately. Immature cotyledons were cultured in complete medium as described (32) . The control, or basal concentration of sulfate was 1.5 mm, which was found to support maximal growth in culture (32) . L-Methionine was added to media at a final concentration of 8.4 mm (33) .
In vitro experiments were designed so that sets of 5 to 46 cotyledon pairs were subjected to control and experimental treatments. Individual seeds were divided so that one-half was placed in complete medium lacking methionine, and the other half in complete medium containing 8.4 mm L-methionine.
Rates of growth and protein accumulation were variable in seeds grown on plants. Seeds matured more slowly in the winter than in the summer. Maturity was therefore measured by increments of seed fresh weight, which was found to be a more consistent measure of the time course of development than days after flowering (13, 18) . Rates ofgrowth and quantities ofprotein synthesized by cotyledons in vitro were also variable, and depended upon temperature, length of incubation, and the size of the cotyledons when placed in culture (33 (21) for 48 h at 120C, and analyzed as described (33 weight basis did not increase (Table II) . Cotyledons maintained a high water content throughout the culture period (33) . The amounts of 7S and 11S proteins increased in seeds up to approximately 500 mg fresh weight (Table III) . Storage protein accumulation continued in cultured cotyledons for at least 7 d (Table  IV) . The ratio of I IS to 7S proteins in seeds that developed on plants varied from 0.7 in immature seeds to 1.5 in mature seeds (Table I (Table III) . The amount of ,-subunit increased continously from 3 to 7 d in cotyledons in basal medium (Table IV) . The a-subunit usually comprised between 25% and 30% of the 7S fraction in mature seeds (400 to 500 mg) (Table III) , and approximately 40% ofthe 7S fraction of cultured cotyledons in basal medium (Table IV) (Tables III, IV) . More 7S protein (fresh weight basis) was accumulated by cotyledons in basal medium than in those in methionine-supplemented medium (Table IV) . The difference in the quantity of 7S protein in supplemented and unsupplemented cotyledons at 7 d was in the amount of a-subunit accumulated: the amounts of a'-subunit and a-subunit were not markedly different between the two treatments (Table IV) . When the major subunits of the 7S fraction (a', a, 13) were examined using two-dimensional gel electrophoresis (Fig. 3) , at least three isoelectric forms of the a'-subunit, two of the a-subunit, and two of the 1-subunit were resolved. Resolution of the 7S subunits by two-dimensional gel electrophoresis showed that adding methionine to the culture medium resulted in a change in the proportions ofthe isoelectric forms of the a'-and a-subunits (Fig 3) . Amino Acid Composition of 2-5S, 7S, and 11S Protein Fractions from Seeds and from Cultured Cotyledons.The three major protein fractions (2-5S, 7S, and 11S) from seeds of 350 to 400 mg fresh weight and from cotyledons grown on basal and methionine-supplemented media were separated on sucrose density gradients and their amino acid compositions were determined (Tables VIII, IX) . The 2-5S fraction was richer in methionine than the 7S or I IS fractions (compare Table V with Tables VI and VII) Table VI with   Tables V and VII) .
There were differences in the amounts of a number of amino acids composing the three major protein fractions isolated from -w.r seeds and from cultured cotyledons (Tables V-VII) . In all three _, fractionso, the methionine contents were greater in seeds than in cultured cotyledons grown in basal medium (columns 1 and 2
of Tables V-VII).
The amino acid compositions of individual 7S subunits from seeds and from cultured cotyledons differed (Table VIII) . The methionine content of the a'-subunits from seeds was greater than that ofthe a'-subunit ofcultured cotyledons (Table VIIIA) . _IC * The a-subunits did not differ in their methionine contents (VIIIB). There were no significant differences in the amino acid
compositions of the ,8-subunits (Table VIIIC) . The ,3-subunit contained less than 0.1 mole per cent methionine, which was )phoretic patterns ofthe 7S and 1 IS storage protein calculated to be less than 0.5 methionine residues per polypeptide n seeds harvested from plants and from cotyledons chain, indicating that the 13-subunit does not contain methionine nplete medium (1.5 mm sulfate) for 5 d. Subunits (Table VIIIC) .
separated on 10% SDS-polyacrylamide gels and When the amino acid compositions of cotyledons grown in ge Brilliant Blue. A, 7S subunits from 10 to 80 mg the presence of methionine were compared to controls grown in plants; B, IS subunits from 10 to 80 mg seeds basal medium, the mole per cent methionine was greater in the C, 7S subunits from 300 mg seeds harvested from 2-5S, 7S, and IlS fractions of supplemented cotyledons (Tables its from 300 mg seeds harvested from plants; E, 7S V-VII). Addition of exogenous methionine raised the methioons grown in vitro; F, I IS subunits from cotyledons nine contents of the three major fractions to equal, but not to exceed, the methionine levels observed in those fractions isolated from seeds which developed on plants (Tables V-VII) . In addiie major subunits of the 7S (a'-, a-, and 13-tion to changes in methionine contents, concomitant changes the IIS (acidics and basics) fractions were occurred in the contents of a number of other amino acids in all of 350 to 400 mg fresh weight and from three fractions (Tables V-VII (28) . Means are ranked in decreasing order (a, greatest value; c, lowest value). There were no significant differences between the mole per cents of the following amino acids in any of the plant materials described within the table (Studentized Q method (28), a = 0.05): aspartic acid plus asparagine (13.11 ± (27) . Means are ranked in decreasing order (a, greatest value; c, lowest value). ' There were no significant differences between the mole per cents of the following amino acids in any of the plant materials described in A (a') (Studentized Q method (27) , a = 0.05); aspartic acid plus asparagine (11.75 ± 0.18); threonine (2.95 ± 0.10); glutamic acid plus glutamine (26.01 ± 0.16); proline (6.65 ± 0.10); glycine (6.05 ± 0.23); alanine (4.25 ± 0.23); leucine (7.56 ± 0.56); tyrosine (2.38 ± 0.22); histidine (2.57 ± 0.18); arginine (5.47 ± 0.28).
b There were no significant differences between the mole per cents of the following amino acids in any of the plant materials described in B (a) (Studentized Q method (28) c-Mean values on the same horizontal lines with different superscripts were significantly different at a = 0.05 (Studentized Q method (27) . Means are ranked in decreasing order (c, greatest value; e, lowest value). b There were no significant differences between the mole per cents of the following amino acids in any of the plant materials described in (B) (Studentized Q method (28) , a = 0.05): glycine (9.80 ± 1.10); valine (5.91 ± 0.52); leucine (9.43 ± 0.23); tyrosine (2.56 ± 0.07); phenylalanine (3.81 ± 0.05); lysine (4.80 ± 0.63); arginine (5.31 ± 1.00).
c.d Mean values on the same horizontal lines with different superscripts were significantly different at a = 0.05 (Studentized Q method (27) . Means are ranked in decreasing order (c, greater value; d, lower value).
the a'-and a-subunits are products of small gene families of five members or less. Other evidence that soybean storage proteins are the products of a number of small gene families has been presented (1 1).
Supplemental methionine (8.4 mM) in the culture medium increased total protein methionine (33) by effecting an increase in the ratio of 11S to 7S proteins (Table 1I) and by increasing the methionine contents of various subunits within these fractions (Tables VIII, IX) . Stimulation of growth and an increase in the per cent aminoacylation of methionyl-tRNA by methionine has also been demonstrated (33) . Administration ofmethionine (0.25 to 0.5 mM) to other higher plants (e.g., Lemna, Zea, Hordeum) has been shown to be toxic (12, 14, 36 (Tables V-VII) , storage protein methionine on a unit protein basis was greater in methionine-supplemented cotyledons than in immature seeds (<400 mg) because the ratio of Il S to 7S proteins was greater in supplemented cotyledons (Table II) .
The ratio of sulfur to nitrogen decreases in proteins of sulfurstressed plants (1, 4, (8) (9) (10) 22 (29) , composed a larger proportion of the 7S fraction of cotyledons on basal medium (>40%) ( Table IV) than seeds developed in vivo (25% to 30%) (Table  III) . Seeds from sulfur-stressed lupin plants accumulated the same amount of protein as sulfur-sufficient controls (4, 10) , but the sulfur-containing a-and y-subunits decreased in stressed plants, and the amount of the nonsulfur-containing lupin #-subunit apparently increased to compensate for the decline in aand 'y-subunits (4 (Table IV) . Amino acid analysis showed that the a'-subunit components which accumulated in the presence ofmethionine had greater methionine contents than those which accumulated in controls (Table VIII) . This could be due to the transcription of new mRNAs, or preferential translation ofexisting mRNAs which direct the synthesis of subunits of greater methionine content. More 11S protein of greater methionine content (Table VII) accumulated in methionine-supplemented cotyledons than in unsupplemented cotyledons (32 versus 20.8 mg/g fresh weight at 7 d, respectively) (Table IV) . Methionine may have stimulated an increase in the rate of translation of I IS mRNAs which coded for products of greater methionine content, or in the amount of functional I IS mRNA in supplemented cotyledons. It is unlikely that degradation of 7S or llS proteins lower in methionine was accelerated in the presence of supplemental methionine, since it has been shown that storage proteins of cotyledons in complete medium do not undergo significant turnover (16) . Studies of sulfur nutrition using intact plants have had limited success. Although sulfur deficiency decreases the ratio of sulfur to nitrogen in seeds, increasing sulfur supply to the plant (1, 4, 8, 9, 22) does not increase the ratio of S to N in protein above control levels, possibly because plants regulate the supply of sulfur available to the seed at the level of the root or the fruit. In cotyledon culture, addition of 8.4 mm methionine or five times more sulfate (7.5 mM; see Holowach et al., accompanying manuscript) raised the methionine contents of the storage protein fractions to the levels measured in seeds which developed in vivo. However, methionine had a unique effect on cotyledon development by increasing the ratio of I IS to 7S proteins to greater than 1.0 early in development (Table I ). An increase in the amount of more methionine-rich I IS protein would be expected to be nutritionally beneficial, since the nutritional quality of total soybean seed protein is improved for monogastric animals when the methionine content of the protein is increased (37) .
This and other studies (4, 6, 22) indicate that legume seeds adapt to environmental conditions by accumulating different ratios of storage protein fractions and subunits within these fractions. Storage protein subunits which resolve as single components by SDS-polyacrylamide gel electrophoresis in one dimension actually represent a number of products ofgene families which result from considerable heterogeneity in the storage protein gene pool. This diversity may be advantageous to the plant in adapting to a variety ofenvironments. Preferential stimulation of transcription or translation of particular gene family members could lessen demand upon the supply of limiting metabolites, such as methionine. To further illustrate this principle, it has been observed that in sulfur-stressed pea plants, the amount of legumin (I I S) mRNA is decreased (6) . The number of transcripts increases when sulfur is again supplied to excised pods (6).
However, the converse appeared to apply in the methioninesupplemented cotyledons: when methionine was added, expression of the ,8-subunit gene was not detected (Table IV The inhibition of f-subunit accumulation in cultured cotyledons offers the opportunity to study expression of a specific gene.
Addition of methionine to cultured cotyledons resembles the heat shock system (23) , where differential gene expression is observed in response to changes in the external environment.
